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Abstract
In the present paper we explored the capacity of yeast Saccharomyces cerevisiae as host for heterologous expression of
human Aquaporin-1. Aquaporin-1 cDNA was expressed from a galactose inducible promoter situated on a plasmid with an
adjustable copy number. Human Aquaporin-1 was C-terminally tagged with yeast enhanced GFP for quantification of
functional expression, determination of sub-cellular localization, estimation of in vivo folding efficiency and establishment of
a purification protocol. Aquaporin-1 was found to constitute 8.5 percent of total membrane protein content after expression
at 15uC in a yeast host over-producing the Gal4p transcriptional activator and growth in amino acid supplemented minimal
medium. In-gel fluorescence combined with western blotting showed that low accumulation of correctly folded
recombinant Aquaporin-1 at 30uC was due to in vivo mal-folding. Reduction of the expression temperature to 15uC almost
completely prevented Aquaporin-1 mal-folding. Bioimaging of live yeast cells revealed that recombinant Aquaporin-1
accumulated in the yeast plasma membrane. A detergent screen for solubilization revealed that CYMAL-5 was superior in
solubilizing recombinant Aquaporin-1 and generated a monodisperse protein preparation. A single Ni-affinity
chromatography step was used to obtain almost pure Aquaporin-1. Recombinant Aquaporin-1 produced in S. cerevisiae
was not N-glycosylated in contrast to the protein found in human erythrocytes.
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Introduction
The nucleotide sequences of the rapidly increasing number of
fully sequenced genomes have revealed that approximately one
third of all genes in any kingdom encode integral membrane
proteins [1]. The lipid nature of biological membranes prevents
transport of most solutes between the cytosol and the extra cellular
environment and between the cytosol and the interior of
organelles. Cellular homeostasis therefore relies upon integral
membrane proteins allowing selective trans-membrane movement
of solutes and information. The essential physiological role of
membrane protein activity is visualized by the fact that approx-
imately 60% [2] of all approved drugs are targeting a membrane
protein. Despite of this, by August 2012 the number of unique
membrane protein structures has only reached 355 [http://
blanco.biomol.uci.edu/Membrane_Proteins_xtal.html] which is
extremely low compared to the more than 54,000 structures
available through the Protein Data Bank [http:/www.rcsb.org/
pdb/home/home.do]. Only 102 of these membrane proteins are
from eukaryots including 36 of human origin. Heterologously
expressed protein has been the starting point for seven of the
structures [3,4,5,6,7,8]. For essentially all membrane proteins their
density in natural tissue is so low that purification on the milligram
scale required for crystallization attempts is excluded. Access to
purified membrane proteins is further complicated by the
observation that the expression systems that successfully delivered
more than 90% of proteins used for solving the structures for water
soluble proteins, have failed in producing the required densities of
recombinant membrane proteins. The reason for this is probably a
general failure of cells to cope with high level expression of
recombinant membrane embedded proteins [9,10]. Very few
examples are found in literature on heterologous expression of
eukaryotic membrane proteins to a level where large-scale
purification is straight forward or even possible [11,12].
Aquaporins constitute a family of physiologically very important
integral membrane proteins that are found in all three kingdoms,
eubacteria, archaea and eukaryotes [13]. In human thirteen
members of the aquaporin family have been identified [14]. As
protein channels they all allow for passive transport of water [15]
while some isoforms show additional permeability for small solutes
like urea [16], glycerol [16], arsenite [17], antimonite [17], boric
acid [18], silicic acid [19], nitrate [20], ammonia [21], hydrogen
peroxide [22], carbon dioxide [23] or nitric oxide [24]. Human
PLOS ONE | www.plosone.org 1 February 2013 | Volume 8 | Issue 2 | e56431
Aquaporin-1 (hAQP1) is a 269 amino acids long protein with six
transmembrane segments. hAQP1 provides the plasma mem-
branes of erythrocytes and proximal tubules of the kidney with a
high water permeability allowing water to be transported along an
osmotic gradient. The physiologically important function of AQP1
is underscored by the finding that AQP1 knock-out mice [25] and
humans [26] with defective AQP1suffer from marked polyurea
and show low urinary osmolality. AQP1 also plays an important
role in choroid plexus epithelium [27] where it facilitates secretion
of cerebrospinal fluid and intracranial pressure regulation [28].
AQP1 has been suggested to be involved in a number of
pathophysiological conditions including migrane with aura [29],
human renal disorders [30] and tumor angiogenesis [31] making it
an interesting drug target.
All human Aquaporins have been heterologously expressed,
primarily in Xenopus oocytes for characterization of their transport
specificity. The highest reported production of hAQP1was
obtained in Pichia pastoris [32] and reached 90 mg per liter growth
medium. However, in this expression system the density (i.e. mg
hAQP1/mg total membrane protein) of hAQP1 in crude
membranes only amounted to 0.6% of total membrane protein
content. hAQP1 has also previously been produced in Saccharomyces
cerevisia at 0.5 mg per liter medium [33]. In insect cells the
production levels of other aquaporin isoforms have reached
between 0.5 and 3 mg per liter growth medium. The density of
recombinant Aquaporin in crude membranes was not reported in
these studies.
The challenge of the present paper has been to develop a S.
cerevisiae based expression system and to identify conditions that
substantially increase the membrane density of recombinant,
functional hAQP1 beyond what has previously been reported and
to develop an efficient and simple protein purification scheme.
This was achieved by combining our previously described
expression system [34] with the GFP tagging approach
[12,35,36]. Access to large amounts of pure hAQP1 would
expand the palette of screening tools aiming at identification of
much requested specific inhibitors and modulators. Such com-
pounds may show potential in diuretic-refractory edematous
conditions like severe congestive heart failure, cancer and migraine
with aura.
Materials and Methods
Yeast strains and culture conditions
Expression in S. cerevisiae was performed in strain PAP1500 ((a
ura3-52 trp1:: GAL10-GAL4 lys2-801 leu2D1 his3D200 pep4::HIS3
prb1D1.6R can1 GAL) as described [34].
Construction of hAQP1-GFP-8His expression plasmid
Human Aquoporin-1 was PCR amplified with AccuPol DNA
polymerase (VWR, Denmark) and primers AQP1cerup (5’
ACACAAATACACACACTAAATTACCGGATCAATTC-TAA-
GATAATTATGGCCAGCGAGTTCAAG 3’) and AQP1GFP (5’
ACAACACCAGTGAATAATTCTTCACCTTTAGACATTTT-
GGGCTTCATCTCCACC3’) while yEGFP was PCR amplified
using primers GFPup (5’ ATGTCTAAAGGTGAAGAATTAT 3’)
and GFPHISdo (5’ CTTCAATGCTATCATTTCCTTTGA-
TATTGGATCATCTAATGGTGA-TGGTGATGGTGATGGTG-
TTTGTACAATTCATCCATACCAT 3’). Nucleotide sequences
shown in bold are complementary to the template. The nucleotide
sequence shown in italics in the hAQP1cerup primer is the Kozak
sequence from the yeast PMR1 gene. All other sequences are used
for homologous recombination. The hAQP1-GFP-8His expression
plasmid was generated by in vivo homologous recombination in S.
cerevisiae by transforming the two PCR fragments along with BamHI,
HindIII digested pEMBLyex4 [37] into strain PAP1500.
Membrane preparation
Yeast crude membranes were prepared by glass bead homog-
enization as described previously [38]. Briefly, yeast cells
resuspended in lysis buffer (25 mM Imidazol, 1 mM EDTA,
1 mM EGTA, 10% (w/v) sucrose pH 7.5) containing 1 mM
PMSF, 1 mg/ml Chymostatin, 1 mg/ml Pepstatin and 1 mg/ml
Leupeptin were homogenized in a 50 ml tube for 4 times one
minute. The homogenate was centrifuged at 3,0006 g for 10
minutes at 4uC. The supernatant was centrifuged at 100,0006 g
for 1.5 hours to pellet the membranes.
Protein quantification
The protein concentration in crude membranes was determined
by the Lowry assay [39]. Briefly, 100 ml of crude membranes were
incubated with 1 ml freshly made Lowry reagent (1.9% Na2CO3,
0.1 M NaOH, 0.01% CuSO4, 0.02% NaKC4H4O6N 4H2O) for 30
minutes before addition of 100 ml Folin - Ciocalteau reagent
diluted 1:1 in 18 mV water. OD595 was measured after additional
30 minutes incubation. 0 to 100 mg Ovalbumin was used to
generate a linear standard curve.
Deglycosylation
15 mg crude yeast membranes were incubated with 500 units
Endo-H (New England Biolabs, USA) overnight at 4uC in lysis
buffer (25 mM Imidazol, 1 mM EDTA, 1 mM EGTA, 10% (w/v)
sucrose pH 7.5).
Whole cell fluorescence
5 ml of yeast cells with a known optical density were harvested,
washed in sterile water, re-suspended in 200 ml sterile water and
transferred to a 96 well white microplate (Nunc, Denmark).
Fluorescence was measured in a microplate reader (Fluoroskan
Ascent, Thermo Scientific, USA) using water as a blank.
Excitation was at 485 nm and emission at 520 nm.
Quantification of the membrane density of hAQP1-GFP
proteins. A correlation was established between pmol GFP and
fluorescence by mixing known molar amounts of purified
histidine-tagged yeast enhanced GFP protein with 25 mg crude
membranes from S. cerevisiae not expressing any GFP protein. This
linear correlation was used to calculate the hAQP1-GFP content
in 25 mg crude yeast membranes. Excitation in these experiments
was at 485 nm and emission was at 520 nm.
Histidine-tagged yeast enhanced GFP was produced in E. coli
BL21(DE3)pLysS from plasmid pET20bGFP-8His that was a
generous gift from Dr. David Drew, Imperial College London,
England. Histidine-tagged GFP was purified using Supplementary
protocol 2 in [35].
SDS-PAGE and western blotting
SDS-PAGE and western blotting were performed as previously
described [34]. Briefly, membrane proteins were separated in 10%
SDS-PAGE gels and transferred by semidry blotting to PDVF
membranes. Western blots were developed using the Millipore
ImmobilonTM Western chemiluminescent HRP substrate (Mili-
pore, USA). Chemiluminescense was visualized using the Care-
stream Image Station 4000 MM (Kodak, USA). Anti-GFP-
antibody was a generous gift from Dr. Jakob R. Winther,
Department of Biology, University of Copenhagen. Polyclonal
Horseradish Peroxidase conjugated pig anti-rabbit-antibody
(P0217) was from DakoCytomation, Denmark.
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In-gel fluorescence
Membrane proteins were separated in 10% SDS-PAGE gels
and in-gel fluorescence was measured using Carestream Image
Station 4000 MM (Kodak, USA) under conditions described in
[36]. Excitation was set at 465 nm and emission was measured at
535 nm.
For in-gel experiments fluorescence intensity of single protein
bands was quantified using the ImageJ software [http://rsbweb.
nih.gov/ij/]. Each protein band was treated like an individual
particle, threshold was set to exclude the background and the
integrated fluorescence intensity was determined by multiplication
of area and fluorescence intensity of each protein band [40].
Bioimaging of live yeast cells
S. cerevisiae cells used for bioimaging were grown and induced for
Aquaporin-1-GFP production as described [38]. Briefly, having
reached an OD450 = 1.0 cells were diluted in the same medium to
OD450 = 0.05, grown to OD450 < 0.5 and stained with FM4-64
[41] and DAPI [42]. Fluorescence was visualized at 10006
magnification with a Nikon Eclipse E600 fluorescence microscope
equipped with an Optronics Magnafire model S99802 camera
attached.
Detergent solubilization of Aquaporin-1-GFP
Initial solubilization screens were performed using the popular
detergent kit (D399-POP) from Affymetrix. This kit contains the
six detergents CYMAL-5, Fos-Choline-12, n-Dodecyl-b-D- Malto-
side, n-Decyl-b-D-Maltoside, CHAPS and n-Octyl-b-D-pyrano-
side. Crude membranes were incubated for 1 hour at 4uC with
gentle reversal at a protein concentration of 2 mg/ml and a
detergent: protein ratio of three in 50 mM phosphate buffer
pH 7.5 containing 10 mM imidazole, 500 mM NaCl, 1 mM
PMSF, 1 mg/ml Leupeptin, 1 mg/ml Pepstatin and 1 mg/ml
Chymostatin. Solubilized and non-solubilized protein were sepa-
rated by ultracentrifugation at 100,0006g at 4uC for 30 minutes.
GFP fluorescence in the supernatant and the pellet was measured
in white microplates (Nunc, Denmark) in a microplate reader
(Fluoroskan Ascent, Thermo Scientific, USA) and used to quantify
solubilization efficiency. Excitation in these experiments was at
485 nm and emission was at 520 nm.
Ni-affinity purification of recombinant human
Aquaporin1
CYMAL-5 solubilized Aquaporin-1 protein was diluted ten
times in buffer A (50 mM phosphate and 500 mM NaCl pH 7.5)
containing 10 mM imidazole and incubated overnight at 4uC with
Ni-NTA Superflow (Qiagen, Germany). A CellThru Disposable
Column (Clontech, USA) was packed with the Ni-NTA slurry.
The column was washed with ten volumes of buffer A containing
10 mM imidazole and 0.75 mg/ml CYMAL-5, 30 volumes of
buffer A with 30 mM imidazole and 0.75 mg/ml CYMAL-5,
seven volumes of buffer A with 100 mM imidazole and 0.75 mg/
ml CYMAL-5. Protein was eluted with three volumes of buffer A
containing 250 mM imidazole and 0.75 mg/ml CYMAL-5 and
subsequently with three volumes of buffer A with 500 mM
imidazole and 0.75 mg/ml CYMAL-5. Eluted AQP1-GFP-8His
protein was collected in fractions of 200 ml. All buffers contained
1 mM PMSF, 1 mg/ml Pepstatin, 1 mg/ml Chymostatin and
1 mg/ml Leupeptin.
Fluorescence-detection size-exclusion chromatography
(FSEC)
FSEC was carried out according to Kawate and Gouaux [43].
Briefly, membrane proteins at a concentration of 2 mg/ml were
solubilized at a detergent: protein ratio of three in 50 mM
phosphate buffer pH 7.5 containing 10 mM imidazole, 500 mM
NaCl, 1 mM PMSF, 1 mg/ml Leupeptin, 1 mg/ml Pepstatin and
1 mg/ml Chymostatin for 1 hour at 4uC by gentle inversion of test
tubes. Solubilized protein was isolated by centrifugation at
100,0006 g in a Beckman Airfuge (Beckman, USA). Solubilized
protein was separated on a SuperoseTM 12 10/300 GL column
using an A¨kta purifier (GE Healthcare, USA). Fractions of 300 ml
were collected from the column. GFP fluorescence in each fraction
was measured in the Fluoroskan Ascent microplate reader
(Thermo Scientific, USA) using an excitation wavelength of
485 nm and emission at 520 nm.
Results
Development of a S. cerevisiae expression system for
human Aquaporin-1
To investigate the capacity of S. cerevisiae for production of
hAQP1 we constructed the expression plasmid pPAP8230 shown
in Figure 1. Transcription of hAQP1-GFP-8His cDNA in
PAP1500 S. cerevisiae cells transformed with pPAP8230 is driven
by a CYC-GAL promoter and enhanced by application of a yeast
strain overproducing the Gal4p transcriptional activator [34]. To
potentially increase hAQP1 production the copy number of the
expression plasmid can furthermore be increased ten times by
selection for leucine autotrophy [44].
Recombinant hAQP1-GFP accumulation depends on
temperature and induction time
The expression studies were performed in presence of all amino
acids except leucine and isoleucine as we previously described
these conditions to be beneficial for recombinant membrane
protein accumulation [34]. Whole cell hAQP1-GFP fluorescence
was used to determine the kinetics of accumulation of functional
hAQP1with respect to induction temperature. Figure 2 shows that
Figure 1. Structural map of the Aquaporin-1 expression
plasmid pPAP8230. Abbreviations used: CYC-GALP, a hybrid
promoter carrying the GAL10 upstream activating sequence fused to
the 5’ non-translated leader of the cytochrome-1 gene; K, Kozak
sequence from the yeast PMR1 gene; hAQP1, coding part of human
aquaporin 1 cDNA without a translational stop codon; GFP-His,
termination codon deficient yeast enhanced GFP cDNA fused in-frame
to eight histidine codons; 2 m, the yeast 2 micron origin of replication;
leu2-d, a poorly expressed allele of the b-isopropylmalate dehydroge-
nase gene; bla, a ß-lactamase gene; pMB1, the pMB1 origin of
replication; URA3, the orotinin-5’-P decarboxylase gene.
doi:10.1371/journal.pone.0056431.g001
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accumulation of hAQP1-GFP increased over time and reached a
plateau after 60 hours of induction at 15uC, while accumulation at
30uC peaked shortly (<12 hours) after induction and subsequently
decreased. Expression at 15uC was therefore favorable for
production of hAQP1-GFP.
Reducing expression temperature to 15uC favors in vivo
folding of hAQP1-GFP
To identify the molecular mechanism behind temperature
sensitive accumulation of hAQP1-GFP we isolated membranes
from yeast cells expressing the GFP fusion at either 15uC or 30uC
and analyzed the purified membranes by in-gel fluorescence and
western blotting. Only correctly folded GFP is visualized by in-gel
fluorescence while correctly folded as well as mal-folded GFP are
recognized by the anti-GFP-antibody in western blots. In the SDS-
PAGE gel the Aquaporin-1 part of the fusion is denatured while
the compact structure of correctly folded GFP is resistant to the
applied SDS concentration [36]. The electrophoretic mobility of
Aquaporin-1 fused to correctly folded GFP is therefore increased
compared to that of Aquaporin-1 fused to mal-folded GFP. The
in-gel fluorescence data in Figure 3A show that only a single
membrane protein of approximately 40 kDa is visible after
expression at 15uC and 30uC. The electrophoretic mobility of
this band is in accordance with the expected molecular weight of
the fluorescent band since hAQP1 has a molecular weight of
28.5 kDa and correctly folded GFP increases the molecular weight
with 10–15 kDa [36] while the His-tag contributes with 1.1 kDa.
The western blot data in Figure 3B show that the hAQP1-GFP-
8His protein accumulated as a fast migrating correctly folded
protein as well as a slower migrating mal-folded protein.
Quantification of the data in Figure 3B show that up till 90% of
hAQP-1 protein was correctly folded at 15uC while approximately
25% was correctly folded at 30uC.
hAQP1-GFP accumulates to a very high density at 15uC
Quantification of the in-gel fluorescence data in Figure 3A
showed that correctly folded hAQP1-GFP accumulated in yeast
membranes at 15uC even up till 124 hours after induction (data
not shown). In order to determine if the membrane density of
hAQP1-GFP protein kept increasing we quantified the time
dependent accumulation of hAQP1-GFP produced at 15uC in
crude membranes. It can be seen from Figure 4 that the density
continued to increase for at least up till two weeks after induction,
and that the density reached almost 1,500 pmol hAQP1-GFP per
mg crude membranes. This corresponds to 8.5% of the total
membrane protein content. The intense green color emitted from
the crude membrane preparation shown in Figure 4 visualizes the
high membrane density of the hAQP1-GFP fusion protein.
Recombinant hAQP1-GFP is not N-glycosylated in S.
cerevisiae
In erythrocytes hAQP1is found in two forms; a non-glycosylated
version and an extensively N-glycosylated form [13]. To analyze
whether recombinant hAQP1-GFP-8His is N-glycosylated we
separated crude membranes treated or not with Endo-glycosidase
H by SDS-PAGE an analyzed the outcome by in-gel fluorescence.
The data in Figure 5 show that EndoH treatment did not affect the
electrophoretic mobility of hAQP1-GFP-His8 showing that the
fusion protein was not N-glycosylated.
Recombinant hAQP1-GFP-8His is partly localized to the
plasma membrane in yeast
Bioimaging of live yeast cells expressing hAQP1-GFP-8His was
used to determine the sub cellular localization of the recombinant
protein in yeast. Cells were additionally stained with DAPI to
localize the nucleus and with FM4-64 that under the conditions
used in the present protocol colors the vacuole as well as the
plasma membrane. It can be seen from the micrographs in Figure 6
that a major part of hAQP1-GFP-8His was located non-uniformly
in the plasma membrane; possibly indicating localization in lipid
rafts. A part of the GFP fusion is also observed to localize in
internal membranes, probably Endoplasmic Reticulum.
Recombinant hAQP1-GFP-8His can be solubilized in
detergent
In order to purify the hAQP1-GFP-8His fusion protein we
performed a detergent screen using six detergents commonly used
for membrane protein purification. Data in Figure 7 show that
CYMAL-5 was the most efficient detergent for solubilization of
recombinant hAQP1-GFP-8His closely followed by DDM.
Solubilized recombinant hAQP1-GFP-8His is
monodisperse and mainly exists as a tetramer
A suitable detergent efficiently solubilizes the membrane protein
of interest, gives a monodisperse protein preparation and
maintains protein stability over a long period of time. To analyze
for these quality criteria we examined the fusion protein by
fluorescent size exclusion chromatography (FSEC) [43] of hAQP1-
GFP-8His solubilized in CYMAL-5 or DDM to analyze for
monodispersity. Data in Figure 8 show that the two detergents
gave rise to similar chromatograms; a prominent symmetrical peak
eluting in a total volume of less than 2 ml indicating a
monodisperse protein preparation [35]. The elution volume
corresponds to a molecular weight of approximately 200 kDa
and indicates that solubilized, recombinant hAQP1-GFP-8His
mainly exists as a tetramer in both detergents. Presence of a minor
symmetrical peak shows that hAQP1-GFP-8His oligomers with a
Figure 2. Time and temperature dependent accumulation of
hAQP1-GFP in intact yeast cells. Briefly, yeast was inoculated in 2.5
liter shake flasks at room temperature to OD450 = 0.08 in 1 liter
galactose-free expression medium (3% glycerol, 0.5% glucose minimal
medium supplemented with all amino acids except leucine and
isoleucine). At OD450 = 1.0 (time zero) half of the culture was transferred
to 15uC and the other half to 30uC. Aquaporin expression was induced
with 2% galactose 15 minutes later to assure that temperature
equilibrium was obtained. Fluorescence was measured in intact yeast
cells and normalized to cell number and the maximal fluorescence
observed in the experiment. #, induction of hAQP1-GFP production
during growth at 15uC; N, induction of hAQP1-GFP production during
growth at 30uC. Data is from a representative experiment.
doi:10.1371/journal.pone.0056431.g002
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stoichiometry larger than four also exist. There is no sign of
protein degradation as no free-GFP peak is visible.
CYMAL-5 solubilized Aquaporin1 can be purified by Ni2+-
affinity purification
CYMAL-5 efficiently solubilized hAQP1-GFP-His8 and pro-
duced a monodisperse protein preparation mainly consisting of the
native tetrameric structure. We therefore selected CYMAL-5
solubilized hAQP1-GFP-8His for purification by affinity chroma-
tography. A chromatogram resulting from the purification
procedure is shown in Figure 9A. Data from the purification
protocol revealed that 86% of the CYMAL-5 solubilized hAQP1-
GFP-8His protein bound to the Ni2+-resin and 62% of the
solubilized and bound material was eluted with 250 mM
imidazole. The peak-fraction collected after elution with
250 mM imidazole was analyzed by SDS-PAGE separation using
in-gel fluorescence and Coomassie staining, Figure 9B. As
expected monomeric, dimeric, trimeric as well as tetrameric
hAQP1-GFP-8His proteins were visible. The Coomassie staining
furthermore showed that solubilization of the hAQP1-GFP-8His
protein by CYMAL-5 followed by Ni-affinity chromatography
resulted in highly pure human Aquaporin-1 protein. Very
importantly only protein bands visualized by in-gel fluorescence
were observed in the Coomassie stain. None of the slower
migrating, non-fluorescent and mal-folded hAQP1-GFP-8His
proteins observed in the western blot in Figure 3 were present in
the purified sample.
Discussion
The present paper describes an expression system and
expression conditions that produce a very high membrane density
of heterologously expressed human Aquaporin 1. It is approxi-
mately fourteen times higher than previously described [32] and to
our knowledge the membrane density obtained in this study is
unprecedented for a recombinantly produced human membrane
protein. The potential of the present expression system for
structure-function and structural studies of mammalian membrane
proteins is obvious when compared to the densities of recombinant
membrane protein previously serving as starting point for
purification and crystallization of mammalian membrane proteins.
The densities obtained for 7TM receptors were all in the range of
50 pmol/mg total membrane protein (corresponding to 0.2% of
total membrane protein content) after expression in P. pastoris or
Figure 3. In-gel fluorescence and western bloting of yeast membranes. A, in-gel fluorescence of SDS-PAGE separated crude membranes
isolated from yeast expressing the AQP1-GFP fusion for the times indicated at 15uC or 30uC. B, western blotting of the gels shown in ‘A’ using an anti-
GFP-antibody. Folding efficiency at each time point and temperature was estimated as the ratio between the intensity of correctly folded hAQP-1-
GFP fusion and the sum of intensities for the correctly folded and mal-folded GFP-fusions. MFP, mal-folded protein; CFP, correctly folded protein. The
data are from a representative experiment.
doi:10.1371/journal.pone.0056431.g003
Figure 4. Time dependent accumulation of hAQP1-GFP fluorescence in crude membranes. A, hAQP1-GFP fluorescence in crude
membranes isolated from yeast grown at 15uC at different time points after induction with galactose at time zero. Fluorescence intensity was
converted to pmol GFP/mg crude membrane protein using a standard curve generated from purified yeGFP. B, crude membranes at a concentration
of 6 mg/ml isolated 336 hours after induction with galactose.
doi:10.1371/journal.pone.0056431.g004
High Level Human Aquaporin Production in Yeast
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insect cells [6,45]. The expression system described here is able to
deliver around 1,500 pmol hAQP1-GFP/mg total membrane
protein corresponding to 8.5% of total membrane protein content.
A high membrane density in the starting material is a significant
advantage for purification of large amounts of recombinant
membrane protein. Using our previously described fermentation
setup [34] the present expression system may deliver in the range
of 350 mg human Aquaporin-1 per 200 grams of yeast cells after a
single fermentation.
To ease quantification of correctly folded hAQP1, sub-cellular
localization, in vivo folding efficiency and development of a
purification protocol, we chose to produce hAQP1 C-terminally
tagged with GFP and an eight histidines long purification tag, a
concept previously described [46]. The expression system
described in the present paper extends work initially developed
for recombinant production of the a1,b1 pig kidney Na,K-ATPase
[34]. In agreement with these results the combined use of a
galactose inducible promoter, an expression plasmid with an
adjustable copy number, a protease deficient yeast host strain
selectively overproducing the Gal4p transcriptional activator
during the protein production phase and growth in amino acid
supplemented minimal medium turned out to be beneficial for
membrane accumulation of correctly folded hAQP1-GFP. Re-
ducing growth temperature from 30uC to 15uC during the protein
production phase has sometimes turned out to be advantageous
for accumulation of recombinant membrane proteins [47]
probably due to increased folding efficiency at the lower
temperature. Production of hAQP1-GFP at 15uC was also
superior for accumulation of correctly folded hAQP1-GFP fusion
as can be seen from Figure 2. Whole cell fluorescence showed that
accumulation at 30uC peaked around 24 hours after galactose
induction and subsequently declined. In contrast when measured
as whole cell fluorescence accumulation of hAQP1-GFP at 15uC
was stabilized at a plateau after approximately fifty hours. The C-
terminal GFP allowed us to determine the molecular mechanism
behind the observed temperature sensitive accumulation. As
described [36] C-terminal GFP only folds into a biologically
active conformation if the fusion partner folds correctly. A fast
migrating hAQP1-GFP fusion protein carrying a compact and
correctly folded GFP can therefore be separated from a slower
migrating hAQP1-GFP fusion protein carrying denatured GFP by
SDS-PAGE. Only a hAQP1-GFP fusion carrying correctly folded
GFP is visualized by in-gel fluorescence, while western blotting
using an anti-GFP-antibody visualizes hAQP1-GFP fusion protein
independent of GFP folding. Visual inspection of our data in
Figure 4 clearly shows that folding of hAQP1-GFP is far more
favorable at 15uC than at 30uC as the hAQP1-GFP band carrying
correctly folded GFP dominated at 15uC while the hAQP1-GFP
band representing mal-folded GFP dominated at 30uC. Quanti-
fication of the western blot bands confirmed that approximately
90% of the accumulated hAQP1-GFP protein was correctly folded
at 15uC whereas only approximately 20% was correctly folded at
30uC.
We used GFP fluorescence to optimize expression and to
quantify the density of hAQP1-GFP in yeast membranes. During
this process we discovered a discrepancy between fluorescence
from intact yeast cells producing hAQP1-GFP and fluorescence
Figure 6. Live cell bioimaging of S. cerevisiae expressing GFP
tagged hAQP1. (A), phase contrast; (B), GFP fluorescence; (C), DAPI
fluorescence; (D), FM4-64 fluorescence. All images were generated at
100 times magnification.
doi:10.1371/journal.pone.0056431.g006
Figure 7. Detergent screen for solubilization of hAQP1-GFP-
8His. Crude membranes were solubilized as described in Materials and
Methods. GFP fluorescence was used to calculate percent solubilized
hAQP1-GFP-8His. Abbreviations used; DM, n-decyl-b-D-maltopyrano-
side; DDM, n-dodecyl-b -D-maltopyranoside; OG, n-octyl-b -D-glucopyr-
anoside; CHAPS, 3-[(3-Cholamidopropyl)-Dimethylammonio]-1-Propane
Sulfonate/N,N-Dimethyl-3-Sulfo-N-[3-[[3a,5b,7a,12a)-3,7,12-Trihydroxy-
24-Oxocholan-24-yl]Amino]propyl]-1-Propanaminium Hydroxide;
CYMAL-5, 5-Cyclohexyl-1-Pentyl-b-D-Maltoside; Fos-12, n-Dodecylpho-
sphocholine.
doi:10.1371/journal.pone.0056431.g007
Figure 5. Endo glycosidase H treatment of yeast crude
membranes. 4, crude membranes from yeast producing hAQP1-
GFP-8His; +, Endo-H treatment of crude membranes from yeast
producing hAQP1-GFP-8His.
doi:10.1371/journal.pone.0056431.g005
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from purified crude membranes. Fluorescence from intact yeast
cells reached a stable plateau after approximately fifty hours of
induction at 15uC while fluorescence from purified crude
membranes showed a linear increase in fluorescence with time
even after two weeks induction with galactose. This discrepancy
may be a result of the fluorescence is quenched by the intact cells.
Quenching was also observed when analyzing fluorescence from
crude membranes (data not shown), indicating that a rather low
concentration of membranes must be used for quantification of
fluorescence. Thus purified GFP used for generating a standard
curve should be mixed with the same concentration of non-
fluorescent membranes, to avoid underestimation of the mem-
brane density of the GFP tagged protein.
In human tissue hAQP1 is localized to the plasma membrane.
This localization seemed to be preserved in S. cerevisiae as the
hAQP1-GFP fusion protein accumulated primarily in the plasma
membrane in patches that may represent lipid rafts. Localization
of the fusion protein to the plasma membrane is also a strong
indication of a correct three dimensional structure as mal-folding
would prevent it from leaving the ER and would prohibit it from
becoming fluorescent.
Finding a detergent that efficiently solubilizes the hAQP1-GFP-
8His fusion is essential for establishing an efficient purification
protocol. Previous purification protocols for AQP1 from either S.
cerevisiae [33] or P. pastoris [32] used b-OG for solubilization while
purification from erythrocytes involved Triton-X 100 [13]. Our
detergent screen revealed that CYMAL-5 was the most efficient
yielding 50% solubilization of the fusion protein. The solubiliza-
tion efficiency was slightly lower for DM, DDM and Fos-cholin 12,
while OG and CHAPS were the most inefficient. We therefore
selected CYMAL-5, which to our knowledge has not previously
been used for solubilization and purification of hAQP1.
Presence of the GFP tag allowed us to monitor and quantify
purification efficiency. From the data in Figure 7 it can be seen
that 62% of the solubilized hAQP1-GFP that bound to the Ni-
column was eluted at an imidazol concentration of 250 mM. In-
gel fluorescence followed by Coomassie staining showed that the
protein eluted as a monomer, dimer, trimer and tetramer as seen
for purification of the native protein from erythrocytes [48]. The
Coomassie stain shows that solubilization in CYMAL-5 followed
by Ni-affinity chromatography resulted in a very pure preparation
of recombinant hAQP1-GFP-8His fusion protein. Comparing the
Figure 8. Fluorescent-detection size-exclusion chromatography of hAQP1-GFP-8His solubilized in CYMAL-5 or DDM. Crude
membranes solubilized in CYMAL-5 or DDM at a detergent: protein ratio of 3 were separated by HPLC on a SuperoseTM 12 10/300 GL column.
Fractions of 300 ml were collected from the column and analyzed for GFP fluorescence as described in Materials and Methods.
doi:10.1371/journal.pone.0056431.g008
Figure 9. Affinity purification of hAQP1-GFP-8His. Crude membranes were solubilized in CYMAL-5 and purified by Ni-affinity chromatography
as described in Materials and Methods. A, GFP fluorescence (red) was used to quantify the amount of hAQP1 in each fraction. The Imidazol profile
used to wash and elute protein from the Ni-column is shown in blue. AU, arbitrary fluorescence units. B, (1) in-gel fluorescence after SDS-PAGE
separation of the protein content of fraction 22; (2), Coomassie staining of the SDS-PAGE gel used for in-gel fluorescence in panel (1). Fraction 0, flow-
through; fractions 1- 3, wash with 10 mM Imidazole; fractions 4–11 wash with 30 mM Imidazole; fractions 12–20, wash with 100 mM Imidazole;
fractions 21–25, wash with 250 mM Imidazole; fractions 26–30, wash with 500 mM Imidazole.
doi:10.1371/journal.pone.0056431.g009
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in-gel fluorescence with the Coomassie stain (Figure 7) also
indicates that the purified hAQP1-GFP-8His fusion proteins are
correctly folded since only bands detected by in-gel fluorescence
were visible in the Coomassie stain. The slower migrating and
non-fluorescent hAQP1-GFP-8His fusion proteins present in the
western blot in Figure 3 were absent in the purified preparation. In
contrast to Aquaporin-1 from erythrocytes we showed that the
recombinantly produced protein in yeast was not N-glycosylated.
In conclusion we have developed an expression system that
substantially increases the membrane density of recombinant
hAQP1.This expression system enables low cost production of
large amounts of functional protein for structural and biophysical
studies and may become an important tool for identification of
hAQP1 modulators.
Acknowledgments
The authors thank David Sørensen for excellent technical assistance, Dr.
David Drew for generous gift of the GFP expression plasmid,
pET20bGFP-8His and Dr. Jakob Winther for the anti-GFP–antibody.
Author Contributions
Conceived and designed the experiments: JB PSP PAP. Performed the
experiments: JB PSP PAP. Analyzed the data: JB CHN PSP PAP.
Contributed reagents/materials/analysis tools: JB PSP CHN PAP. Wrote
the paper: JB CHN PAP.
References
1. Krogh A, Larsson B, von Heijne G, Sonnhammer E (2001) Predicting
transmembrane protein topology with a hidden Markov model. Application to
complete genomes. J Mol Biol 305:567–80.
2. Arinaminpathy Y, Khurana E, Engelman DM, Gerstein MB (2009) Compu-
tational analysis of membrane proteins: the largest class of drug targets. Drug
Discov Today 14: 1130–1135.
3. Cherezov V, Rosenbaum DM, Hanson MA, Rasmussen SGF, Thian FS, et al.
(2007) High Resolution Crystal Structure of an Engineered Human b2-
Adrenergic G protein-Coupled Receptor. Science 318: 1258–1265.
4. Rasmussen SGF, Choi HJ, Rosenbaum DM, Kobilka TS, Thian FS, et al.
(2007) Crystal structure of the human b2 adrenergic G-protein-coupled receptor.
Nature 450: 383–387.
5. Warne T, Serrano-Vega MJ, Baker JG, Moukhametzianov R, Edwards PC, et
al. (2008) Structure of a b1-adrenergic G-protein-coupled receptor. Nature 454:
486–491.
6. Jaakola VP, Griffith MT, Hanson MA, Cherezov V, Chien EY, et al. (2008) The
2.6 angstrom crystal structure of a human A2A adenosine receptor bound to an
antagonist. Science 322: 1211–7.
7. Jidenko M, Nielsen RC, Sørensen TL, Møller JV, le Maire M, et al. (2005)
Crystallisation of a mammalian membrane protein overexpressed in Saccharo-
myces cerevisiae. Proc Natl Acad Sci U S A 102: 11687–91.
8. Long SB, Campbell EB, MacKinnon R (2006) Crystal structure of a mammalian
voltage-dependent shaker family K+-channel. Science 309: 897–903.
9. Grisshammer C, Tate CG (1995) Overexpression of integral membrane proteins
for structural studies. Q Rev Biophys 28: 315–422.
10. Steffensen L, Pedersen PA (1996) Heterologous expression of membrane and
soluble proteins derepresses GCN4 mRNA translation in the yeast Saccharomyces
cerevisiae.Eukaryot Cell 5: 248–61.
11. Clark KM, Fedoriw N, Robinson K, Connelly SM, Randles J, et al. (2010)
Purification of transmembrane proteins from Saccharomyces cerevisiae for X-ray
crystallography. Protein Expr Purif 71: 207–23.
12. Drew D, Lerch M, Kunji E, Slotboom DJ, de Gier JW (2006) Optimization of
membrane protein over expression and purification using GFP fusions. Nat
Methods 3: 303–13.
13. Agre P, Sasaki S, Chrispeleels MJ (1993) Aquaporins, a family of membrane
water channels. Am J Physiol 265: F461.
14. Verkman AS (2011) Aquaporin at a glance. J Cell Sci 124: 2107–12.
15. Preston GM, Carroll TP, Guggino WB, Agre P (1992) Appearance of water
channels in Xenopus oocytes expressing red cell CHIP28 protein. Science 256:
385–387.
16. Ishibashi K, Kuwahara Y, Gu Y, Kageyama A, Tohsaka A, et al. (1997) Cloning
and functional expression of a new water channel abundantly expressed in the
testis permeable to water, glyverol and urea. J Biol Chem 272: 20782–20786.
17. Bienert GP, Thorsen M, Schussler MD, Nilsson HR, Wagner A, et al. (2008) A
subgroup of plant aquaporins facilitate the bi-directional diffusion of As(OH)3
and Sb(OH)3 across membranes. BMC Biol 6: 26.
18. Takano J, Wada M Ludewig U, Schaff G, von Wiren N, et al. (2006) The
Arabidopsis major intrinsic protein NIP5;1 is essential for efficient boron uptake
and plant development under boron limitation. Plant Cell 18: 1498–1509.
19. Ma JF, Tamai K, Yamaji N, Mitani N, Konishi S, et al. (2006) A silicon
transporter in rice. Nature 440: 688–691.
20. Ikeda M, Beitz E, Kozono D, Guggino WB, Agre P, et al. (2002)
Characterization of aquaporin-6 as a nitrate channel in mammalian cells.
Requirement of pore-lining residue threonine 63. J Biol Chem 277: 39873–
39879.
21. Jahn TP, Møller AL, Zeuthen T, Holm LM, Klaerke DA, et al. (2004)
Aquaporin homologues in plants and mammals transport ammonia. FEBS Lett
574: 31–36.
22. Bienert GP, Møller AL, Kristiansen KA, Schulz A, Møller IM, et al. (2007)
Specific aquaporins facilitate the diffusion of hydrogen peroxide across
membranes. J Biol Chem 282: 1183–1192.
23. Prasad GV, Coury LA, Finn F, Zeidel ML (1998) Reconstituted aquaporin 1
water channels transport CO2 across membranes. J Biol Chem 273: 33123–
33126.
24. Herrera M, Hong NJ, Garvin JL (2006) Aquaporin-1 transports NO across cell
membranes. Hypertension 48: 157–164.
25. Ma T, Yang B, Gillespie A, Carlson EJ, Epstein CJ, et al. (1998) Severely
impaired urinary concentrating ability in transgenic mice lacking aquaporin-1
water channels. J Biol Chem 273: 4296–4299.
26. King LS, Choi M, Fernandez PC, Cartron JP, Agre P (2001) Defective urinary-
concentrating ability due to a complete deficiency of aquaporin-1. N Engl J Med
345: 175–9.
27. Nielsen S, Smith BL, Christensen EI, Agre P (1993). Distribution of the
aquaporin CHIP in secretory and resorptive epithelia and capillary endothelia.
Proc Natl Acad Sci U S A 90: 7275–9.
28. Oshio K, Watanabe H, Song Y, Verkman AS, Manley GT (2005) Reduced
cerebrospinal fluid production and intracranial pressure in mice lacking choroid
plexus water channel Aquaporin-1. FASEB J 19: 76–8.
29. Guang-Yin Xu, Fen Wang, Xinghong Jiang, Jin Tao (2010) Aquaporin 1, a
potential therapeutic target for migraine with aura. Molecular pain 6: 68.
30. Verkman AS (2002) Renal concentrating and diluting function in deficiency of
specific aquaporin genes. Exp Nephrol 10: 235–245.
31. Verkman AS, Hara-Chikuma M, Papadopoulus MC (2008) Aquaporins-new
players in cancer biology. J Mol Med (Berl) 86: 523–529.
32. Nyblom M, O¨berg F, Lindkvist-Petersson K, Hallgren K, Findlay H, et al.
(2007) Exceptional overproduction of a functional human membrane protein.
Protein Expr Purif 56: 110–120.
33. Laize´ V, Ripoche P, Tacnet F (1997) Purification and functional reconstitution
of the human CHIP28 water channel expressed in Saccharomyces cerevisiae. Protein
Expr Purif 11: 284–288.
34. Pedersen PA, Rasmussen JH, Jorgensen PL (1996) Expression in high yield of pig
alpha 1 beta 1 Na,K-ATPase and inactive mutants D369N and D807N. J Biol
Chem 271: 2514–2522.
35. Drew D, Newstead S, Sonoda Y, Kim H, von Heijne G, et al. (2008) GFP-based
optimization scheme for the overexpression and purification of eukaryotic
membrane proteins in Saccharomyces cerevisiae. Nat Protoc 3: 784–98.
36. Geertsma ER, Groeneveld M, Slotboom DJ, Poolman B (2008) Quality control
of overexpressed membrane proteins. Proc Natl Acad Sci U S A 105: 5722–7.
37. Cesareni G, Murray JAH (1987) Plasmid vectors carrying the replication origin
of filamentous single stranded phages. In: Setlow JK, Hollaender A, eds. Genetic
Engineering, Principles and Methods vol 9.New York: Plenum Press.pp. 135–
149.
38. Jorgensen JR, Pedersen PA (2001) Role of phylogenetically conserved amino
acid residues in folding of Na,K-ATPase. Biochemistry 40: 7301–08.
39. Lowry OH, Rosebrougn NJ, Farr L, Randall RJ (1951) Protein measurement
with the Folin phenol reagent. J Bio Chem 193: 265–275.
40. Lohr C, Kunding AH, Bhaita VK, Stamou D (2009) Constructing size
distributions of liposomes from single-object fluorescence measurements.
Method Enzymol vol 465: 143–161.
41. Vida TA, Emr SD (1995) A new vital stain for visualizing vacuolar membrane
dynamics and endocytosis in yeast. J Cell Biol 128: 775–792.
42. Pringle JR, Preston RA, Adams AE, Stearns T, Drubin DG, et al. (1989)
Fluorescence microscopy methods for yeast. Methods Cell Biol 31: 357–435.
43. Kawate T, Gouaux E (2006) Fluorescence-detection size-exclusion chromatog-
raphy for precrystallization screening of integral membrane proteins. Structure
14: 673–681.
44. Eberhart E, Hollenberg CP (1983) The presence of a defective LEU2 gene on
2 mDNA recombinant plasmids of Saccharomyces cerevisiae is responsible for curing
and high copy number. J Bacteriol 156: 625–635.
45. Shiroishi M, Kobayashi T, Ogasawara S, Tsujimoto H, Ikeda-Suno C, et al.
(2011) Production of the stable human histamine H1 receptor in Pichia pastoris for
structural determination. Methods 55: 281–286.
High Level Human Aquaporin Production in Yeast
PLOS ONE | www.plosone.org 8 February 2013 | Volume 8 | Issue 2 | e56431
46. Newstead S, Kim H, von Heijne G, Iwata S, Drew D (2007) High-throughput
fluorescent based optimization of eukaryotic membrane protein overexpression
and purification in Saccharomyces cerevisiae. Proc Natl Acad Sci USA 104: 13936–
13941.
47. Hansen MK, Tams JW, Fahrenkrug J, Pedersen PA (1999) Functional
expression of rat VPAC1 receptor in Saccharomyces cerevisiae. Receptors Channels
6: 271–81.
48. Agre P, Mathai JC, Smith BL, Preston GM (1999) Functional analysis of
aquaporin water channel proteins. Methods Enzymol 294: 550–572.
High Level Human Aquaporin Production in Yeast
PLOS ONE | www.plosone.org 9 February 2013 | Volume 8 | Issue 2 | e56431
